Abstract. Endocytic vesicles undergo fission to sort ligand from receptor. Using quantitative immunofluorescence and video imaging, we provide the first in vitro reconstitution of receptor-ligand sorting in early endocytic vesicles derived from rat liver. We show that to undergo fission, presegregation vesicles must bind to microtubules (MTs) and move upon addition of ATP. Over 13% of motile vesicles elongate and are capable of fission. After fission, one vesicle continues to move, whereas the other remains stationary, resulting in their separation. On average, almost 90% receptor is found in one daughter vesicle, whereas ligand is enriched by ‫ف‬ 300% with respect to receptor in the other daughter vesicle. Although studies performed on polarity marked MTs showed approximately equal plus and minus enddirected motility, immunofluorescence microscopy revealed that kinesins, but not dynein, were associated with these vesicles. Motility and fission were prevented by addition of 1 mM 5 Ј -adenylylimido-diphosphate (AMP-PNP, an inhibitor of kinesins) or incubation with kinesin antibodies, but were unaffected by addition of 5 M vanadate (a dynein inhibitor) or dynein antibodies. These studies indicate an essential role of kinesin-based MT motility in endocytic vesicle sorting, providing a system in which factors required for endocytic vesicle processing can be identified and characterized.
Introduction
Receptor-mediated endocytosis for recycling receptors is a process in which a ligand binds to its cell surface receptor and is internalized via clathrin-coated vesicle formation (Mellman, 1996; Mukherjee et al., 1997; Marsh and McMahon, 1999) . After uncoating, this vesicle acidifies (Forgac, 1998) , leading to dissociation of ligand from receptor (Harford et al., 1983) . Subsequently, the endocytic vesicle undergoes a series of fissions, resulting in the eventual segregation of ligand from receptor (Wolkoff et al., 1984; Mellman, 1996; Mukherjee et al., 1997) . After segregation, daughter vesicles destined to recycle to the cell surface contain a majority of receptor and a reduced content of ligand. Other vesicles, which have much less receptor in proportion to the content of ligand (Geuze et al., 1984) , traffic through the cell to the lysosome, where ligand is degraded (Harford et al., 1983; Wolkoff et al., 1984; Mukherjee et al., 1997) . Little is known about the mechanism by which endocytic vesicles undergo fission and sort ligand from receptor, although previous studies suggested a role for microtubules (MTs) 1 and molecular motors in this process and/or in movement of ligand-enriched late endosomes toward lysosomes (Wolkoff et al., 1984; Goltz et al., 1992; Jin and Snider, 1993; Lafont et al., 1994; Satir, 1994; Thatte et al., 1994; Oda et al., 1995; Hamm-Alvarez et al., 1996; Novikoff et al., 1996; Hamm-Alvarez and Sheetz, 1998; Murray et al., 2000) . Here, we provide the first in vitro reconstitution of the process of segregation of ligand and receptor in early endocytic vesicles. We show that it is necessary for presegregation vesicles to bind to and move along MTs to undergo fission. This results in a daughter vesicle enriched in ligand relative to receptor and a second daughter with a majority of receptor. Motility and fission are established by the addition of ATP. Although vesicle motility both before and after fission can be either toward the plus or minus end of the MT, these processes are prevented by addition of 5 Ј -adenylylimido-diphosphate (AMP-PNP), an inhibitor of kinesins, or by incubation with kinesin antibody, but not by addition of vanadate, an inhibitor of cytoplasmic dynein, or dynein antibody. Addi-
Motility Assay
Texas red-labeled early endocytic vesicles were prepared from livers that were removed from male Sprague-Dawley rats (200-250 g; Taconic Farms) 5 min after i.v. injection of Texas red asialoorosomucoid (ASOR) (Murray et al., 2000) . All procedures were approved by the University Animal Use Committee. After Dounce homogenization, a postnuclear supernatant was prepared and chromatographed on a Sephacryl S200 column. Vesicle-enriched peaks were pooled and subjected to centrifugation (200,000 g for 135 min) on a sucrose step gradient consisting of 1.4, 1.2, and 0.25 M sucrose. Vesicles were harvested from the 1.2/0.25 M sucrose interface and stored at Ϫ 80 Њ C until used. Details of these procedures have been published recently (Murray et al., 2000) .
Motility assays were performed in a chamber consisting of two pieces of double-stick tape sandwiched between optical glass; the internal volume was ‫ف‬ 3 l. The chamber was coated with an affinity-purified mixture of liver motor proteins as described previously (Murray et al., 2000) . After three 15-l washes with modified motility buffer (35 mM Pipes, 5 mM MgCl 2 , 1 mM EGTA, 0.5 mM EDTA, 4 mM DTT, 20 M taxol, 2 mg/ml BSA, pH 7.4, containing an oxygen scavenging system), taxol-stabilized MTs were added and incubated for 3 min. After another three washes with motility buffer containing 5 mg/ml casein, endocytic vesicles were added to the chamber, incubated for 10 min, and washed. In some experiments, as indicated below. 0.02 mg/ml DEAE-dextran (Amersham Pharmacia Biotech), rather than motor proteins, was used to adhere MTs to glass, as described previously (Murray et al., 2000) . Motility was initiated with the addition of 50 M ATP in the absence of a regenerating system. In some experiments, as indicated below, 4 mM ATP was used.
Image Analysis
Imaging was performed at the Analytical Imaging Facility of the Albert Einstein College of Medicine. A 60 ϫ , 1.4 numerical aperture planapo objective was used on an Olympus 1X70 inverted microscope, containing automatic excitation and emission filter wheels connected to a Photometrics charge-coupled device camera run by IPLab Spectrum software (Scanalytics) running on a Power Macintosh. IPLab Spectrum scripting software was used to collect images rapidly and to switch between fluorescence channels. Images were also recorded directly on videotape. In all experiments the microscope stage was maintained at 35 Њ C. Videos were digitized with the use of the Scion Image (Scion Corporation) movie-making macro (1 frame/s) and saved as tiff files. Integrative density of fluorescence was determined using the density slice and wand option of Scion Image. Each quantification of fluorescence density was the average of three determinations performed on each vesicle.
Results

Preparation of Early Endocytic Vesicles
Fluorescent endocytic vesicles were prepared from rat liver that was surgically removed 5 min after intravenous injection of 3 mg of Texas red-labeled ASOR (Murray et al., 2000) . This short time period was chosen so that events early in the endocytic pathway could be examined. As anticipated, ASGPR was present in Ͼ 95% of the ASORcontaining vesicles, as determined by fluorescence microscopy using anti-ASGPR IgG to localize receptor (Fig. 1) . This observation indicates that these ligand-containing vesicles represent a population of early (i.e., presegregation) endosomes. Partial purification of vesicles was performed to minimize nonspecific ATPase activity as described previously (Murray et al., 2000) .
Assay of Vesicle Motility and Fission
Labeled endocytic vesicles were drawn into a 3-l microscopy chamber in which taxol-stabilized, rhodaminelabeled MTs had been attached to the glass surface after Figure 1 . Immunolocalization of ASGPR and ASOR in isolated endocytic vesicles. A preparation enriched in endocytic vesicles was prepared from rat liver that was obtained 5 min after i.v. injection of Texas red-ASOR, as described in Materials and Methods. Vesicles were incubated at 4ЊC for 1 min in anti-ASGPR IgG. Cy2-labeled goat anti-rabbit IgG was added and incubation was continued for an additional 6 min. Vesicles were hydrostatically attached to a glass slide and examined by immunofluorescence microscopy. Many receptor containing vesicles were observed (a). There were fewer ligand-containing vesicles (b). A merged view (c) shows that although there were many receptor-containing vesicles devoid of ligand, virtually all ligand-containing vesicles also contained receptor, indicating that they represent a population of early endocytic vesicles.
coating of the glass with an affinity-purified mixture of liver motor proteins, as described previously (Murray et al., 2000) . Many vesicles bound to the MTs. Upon addition of 50 M ATP, examination of Ͼ 800 MT-attached vesicles revealed that 25% immediately became motile (Fig. 2) . These vesicles moved along the MTs at ‫ف‬ 0.7 m/s, as described previously (Murray et al., 2000) . Vesicles that were bound to the glass surface and not to MTs did not move upon ATP addition. Of the motile vesicles, 13% underwent fission, resulting in two daughter vesicles. None of the nonmotile vesicles underwent fission. During fission, one pole of the vesicle remained attached to the MT, whereas the opposite end advanced. Fission occurred over the next 10-15 s. In companion experiments (Fig. 2) , vesicles were incubated for 1 min at 4 Њ C with affinity-purified anti-ASGPR IgG or with nonimmune IgG. Cy2-labeled secondary antibody was then added, and incubation was continued for an additional 6 min. These vesicles were then drawn into a microscopy chamber as above. IgG addition nonspecifically reduced motility slightly, but had no effect on the ability of moving vesicles to undergo fission. In vesicles to which nonimmune IgG was added, motility was reduced to 19%, but 17% of these vesicles underwent fission. Of Ͼ 1,200 MT-bound, receptor-tagged vesicles that were examined, 16% moved upon addition of ATP (Fig. 2 left) and 14% of these vesicles underwent fission (Fig. 2 right) . Similar to results in the absence of receptor antibody, only MT-bound vesicles moved upon ATP addition, and none of the nonmotile vesicles underwent fission. Representative frames from one of these studies are shown in Fig. 3 . Before addition of ATP (0 s), the arrowhead points to a single spherical vesicle that is attached to an MT and contains ligand and receptor. Within 8 s of ATP addition, this vesicle elongates along the MT and forms a constriction in the middle. Although there is substantial ligand in both portions of this vesicle, ‫ف‬ 97% of receptor is present in only one (arrowhead). By 19 s, the original vesicle has clearly separated into two vesicles of near equal size, with segregation of receptor to the vesicle on the right. In this case, the receptor-containing vesicle is motile, whereas the vesicle containing essentially only ligand appears to be fixed to the MT. MT-based motility and fission of endocytic vesicles. Fluorescent early endocytic vesicles were prepared after injection of a rat with Texas red-labeled ASOR. Endocytic vesicles were flowed into a 3-l microscopy chamber in which taxol-stabilized MTs had been attached to the glass surface. Vesicle motility was examined after addition of 50 M ATP. In some experiments, vesicles were preincubated with rabbit anti-rat ASGPR IgG directed against the receptor cytoplasmic tail, nonimmune mouse IgG, or mouse mAbs IgG or IgM against kinesin or cytoplasmic dynein. Distribution of antibody was visualized after addition of Cy2-labeled goat anti-rabbit IgG, Cy2-labeled goat anti-mouse IgG, or FITC-labeled anti-mouse IgM, as appropriate. The bars in the left graph indicate the percentage of MT-bound vesicles that moved upon ATP addition. The total number of MT-bound vesicles that were examined in each experiment is in parentheses. The bars in the right graph indicate the percentage of moving vesicles that underwent fission. Results are expressed as a percentage of the total recovered fluorescence for 17 randomly selected endocytic vesicles that underwent fission. In each row, the vesicle with the majority of ligand fluorescence was designated vesicle 1. In these experiments, receptor was not monitored. 
Quantification of Vesicle Fission
Distribution of fluorescence was quantified in vesicles before and after fission. In nonmotile vesicles that did not undergo fission, recovery of fluorescence was essentially unchanged over time. When a group of 30 nonmotile vesicles was examined before and 10 s after ATP addition, recovery of ligand fluorescence was 105 Ϯ 4.5% (mean Ϯ SEM) of the initial level. In a group of 20 nonmotile vesicles labeled with fluorescent antibody to the receptor, re- Figure 3 . Fission of an endocytic vesicle on an MT after addition of ATP. Texas red-ASOR and rhodamine-labeled MTs are visualized in the left panels, whereas rabbit IgG against the cytoplasmic tail of the ASGPR after incubation with Cy2-labeled secondary antibody is visualized in the right panels. Time in seconds after the addition of 50 M ATP is shown in the upper left. Before addition of ATP (0 s), the arrowhead points to a single vesicle that is attached to an MT and contains ligand and receptor. In subsequent panels, the arrow indicates the nonmotile daughter vesicle that contains only ‫%3ف‬ of the original receptor fluorescence. This study corresponds to event 14 in Table II . Bar, 10 m.
covery of fluorescence was 99.3 Ϯ 1.1%. Similarly, fluorescence due to ligand or receptor in motile vesicles before fission was recovered completely in the daughter vesicles. In motile vesicles that underwent fission, as seen in Table  I , ligand was distributed in the daughter vesicles after each fission event. In most cases, the distribution was uneven. On average, the more fluorescent of the two vesicles contained ‫ف‬ 67% of the ligand in the original vesicle. In a few cases, ligand was about equally distributed. In this series of experiments, distribution of receptor was not monitored.
Quantification of Segregation of Ligand and Receptor
To examine whether sorting of ligand from receptor occurred in this in vitro system, similar experiments were performed in which the receptor was tagged with a fluorescent antibody. In these experiments, in motile vesicles that underwent fission, on average ‫ف‬ 90% of receptor was segregated to one of the two daughter vesicles (Table II) . In approximately half of these fission events, sorting of receptor into one daughter was virtually complete. The other daughter vesicle with ‫ف‬ 10% of the receptor contained almost 40% of the ligand (Table II) .
From a consideration of the geometry of vesicle-MT interaction, the possibility that two overlapping vesicles move to produce a spurious fission seems remote. To test this, we diluted the vesicle population by 50% before binding to MTs. This would be expected to reduce considerably the possibility of overlap. As seen in Table II and Fig.  4 , there was no reduction in motility and fission in experiments in which diluted vesicles were used.
Roles of Molecular Motors in Endocytic Vesicle Motility and Fission
Experiments were performed to determine whether kinesins or cytoplasmic dynein were associated with endocytic vesicles. In these studies, rhodamine-labeled MTs were attached to the chamber surface using DEAE-dextran as we have described previously (Murray et al., 2000) . Vesicles were incubated for 3 min at 4 Њ C with mouse mAb IgM against kinesin or cytoplasmic dynein. FITC-labeled goat anti-mouse IgM was then added and incubation was continued for an additional 6 min. These vesicles were then drawn into a microscopy chamber as above. As seen in Fig. 5 , kinesin antibody colocalized with endocytic vesicles that contained Texas red-ASOR; many of these vesicles appear to be bound to MTs. Although antibody to cytoplasmic dynein was clearly associated with vesicles, most of which were attached to MTs, few of these vesicles contained ASOR; those containing ASOR apparently colocalize with MTs (Fig. 5) .
We also examined the effects of antikinesin and antidynein IgG and IgM antibodies on endocytic vesicle motility and fission (see Fig. 2 ). Motility and fission in the presence of either IgG or IgM antibodies to dynein were identical to controls. In contrast, in vesicles treated with IgG or IgM antibodies to kinesin, motility and fission were markedly reduced. There was no motility of vesicles that had been treated with antikinesin IgM, and only 4% of vesicles were Results are expressed as a percentage of the total recovered fluorescence for 29 randomly selected endocytic vesicles that underwent fission in which ligand and receptor were simultaneously monitored. In each row, the vesicle with the majority of receptor fluorescence was designated as vesicle 1. Of the 29 fission events, 17 resulted in recovery of Ͼ 90% of receptor in only 1 of the 2 daughter vesicles. *In six experiments, vesicles were diluted by half before binding to MTs (see Fig. 4 ). All means were significantly different from each other by analysis of variance pairwise multiple comparison ( P < 0.001). Figure 4 . Effect of vesicle dilution on motility and fission. Vesicles were diluted by 50% before binding to MTs and addition of 50 M ATP, to test the possibility that under more concentrated conditions, movement of two overlapping vesicles could produce a spurious fission. Black bars indicate results for 1,093 vesicles that were bound to MTs when concentrated; white bars indicate results for 169 vesicles that were bound to MTs when diluted. Motility and fission were determined as described in Materials and Methods.
motile when treated with antikinesin IgG compared with 19% of vesicles that had been treated with nonimmune IgG. Of the small number (26) of motile vesicles in this group, only 3 (11%) underwent fission. Although this rate of fission is similar to that seen in control studies, the actual number of fission events is markedly reduced. The finding of a small residual amount of fission suggests either that inhibition of kinesin function is incomplete in this experiment or that a nonkinesin motor is functional in this small population of vesicles. Studies were also performed to examine the effect of vanadate, an inhibitor of cytoplasmic dynein (Kobayashi et al., 1978; Brady, 1991; Vale et al., 1992; Fullerton et al., 1998) , and AMP-PNP, an inhibitor of kinesins (Brady, 1991; Fullerton et al., 1998) , on vesicle motility and fission. Polarity-marked MTs (Murray et al., 2000) were used in these studies. In previous studies (Murray et al., 2000) performed in an MT gliding assay, we found that 1 mM AMP-PNP inhibited 80% of plus end-directed movement and only 20% of minus end-directed movement; 5 M vanadate had the opposite effect. As seen in Table III , upon addition to the microscopy chamber of 50 M ATP in the absence of inhibitor, there were approximately equal amounts of minus and plus end-directed vesicle movements. Simultaneous addition of 50 M ATP and 5 M vanadate had no effect on the number or direction of motile vesicles. Vesicle fission and directional movement of daughter vesicles were also unaffected by vanadate inclusion. In contrast, simultaneous addition of 50 M ATP and 1 mM AMP-PNP eliminated vesicle motility and fission (Table III) .
There is a possibility that proteins in the motor fraction that were used to coat the glass to which MTs were attached could bind substantial amounts of vanadate, thus falsely suggesting that it is without effect in the endosomal motility and fission assays. For this reason, a series of experiments was performed using MTs that were bound to glass via DEAE-dextran (Fig. 6) . In addition, studies were performed at ATP concentrations of either 50 M or 4 mM, in the absence of a regenerating system. As seen in Fig. 6 , vanadate at concentrations as high as 20 M in the presence of 4 mM ATP had no effect on vesicle motility or fission. Under these conditions, vanadate should preferentially inhibit dynein function. At concentrations of 50 M or above, motility was reduced. Although the fraction of fission events in motile vesicles remained unchanged (Fig.  6 right) , the absolute number of fissions was reduced in proportion to the reduction in motility. At these high concentrations, vanadate is known to inhibit many ATPases, including kinesins (Brady, 1991; Vale et al., 1992) . Vesicle motility was markedly reduced by 1 mM AMP-PNP even at high (4 mM) concentrations of ATP, and no fission events were seen. Under these conditions, AMP-PNP should preferentially inhibit function of kinesins. Fluorescent early endocytic vesicles were prepared after injection of a rat with Texas red-labeled ASOR. Endocytic vesicles were flowed into a 3-l microscopy chamber in which taxol-stabilized MTs had been attached to the glass surface. Vesicle motility was examined after addition of 50 M ATP. In some experiments, as indicated, 5 M vanadate or 1 mM AMP-PNP was included with the ATP.
Discussion
These studies indicate that early endocytic vesicles have the capacity to undergo fission and receptor-ligand segregation in vitro, which is dependent on their binding to MTs and on their motility in the presence of ATP. Previous studies suggested that molecular motors might be involved in the interaction of endocytic vesicles with MTs (Wolkoff et al., 1984; Goltz et al., 1992; Jin and Snider, 1993; Lafont et al., 1994; Satir, 1994; Thatte et al., 1994; Oda et al., 1995; Hamm-Alvarez et al., 1996; Novikoff et al., 1996; HammAlvarez and Sheetz, 1998; Murray et al., 2000) . However, a system for direct examination of the role of molecular motors in endocytic vesicle segregation and fission has been lacking. Here we show that early endocytic vesicles, as defined by the presence of both ligand and receptor in the same vesicle, are associated with kinesins, but not cytoplasmic dynein, and are capable of movement, receptorligand sorting, and fission in vitro. ATP-mediated motility of these vesicles is inhibited by antibodies to kinesins, but not by antibodies to cytoplasmic dynein. In addition, inclusion of vanadate at concentrations as high as 20 M does not interfere with vesicle motility or fission, whereas inclusion of 1 mM AMP-PNP prevents both of these processes, even when ATP is in molar excess. When motility of vesicles was quantified on polarity-marked MTs, vesicles were seen to move approximately equally towards plus and minus ends. AMP-PNP inhibited motility in both directions, consistent with the possibility that plus and minus enddirected kinesins mediate vesicle motility and fission (Vale and Fletterick, 1997; Hirokawa, 1998; Goldstein and Philp, 1999) . Each fission event was associated with movement of only one daughter vesicle after fission along the MT. This could be an attribute peculiar to the method of preparing the endosomes. Several previous investigations indicated that segregation of ligand from the ASGPR is incomplete, and that ‫ف‬ 20% of internalized ligand returns with the receptor back to the cell surface (diacytosis) (Samuelson et al., 1988; Chang and Chang, 1989; Stockert et al., 1995) . However, here, substantial amounts of ligand remained associated with receptor in one daughter vesicle after fission (Table II) . We recently demonstrated that movement of early endocytic vesicles along MTs is oscillatory, with frequent stops and changes in direction (Murray et al., 2000) . This could facilitate the distribution of these vesicles throughout the cytoplasm and may aid in the separation of ligand from receptor by allowing receptor-enriched daughter vesicles to undergo subsequent rounds of fission. Specifically, a more complete segregation of ligand from receptor, as occurs in vivo before recycling, could be achieved by an iterative process whereby the receptorenriched daughter vesicles undergo multiple rounds of fission, as has been suggested by Maxfield and colleagues (Dunn et al., 1989; Dunn and Maxfield, 1992; Mukherjee et al., 1997) . Consistent with our in vitro data, each event would generate a new complementary daughter vesicle containing ‫ف‬ 40% of the ligand of the parent vesicle with little receptor. Eventually, this vesicle would move toward and fuse with lysosomes where ligand would be degraded. This in vitro system has been optimized to study components that are required for processing of endocytic vesicles. Nevertheless, the percentage of MT-attached vesicles that become motile in our studies is somewhat less than might be predicted, which suggests that critical factors required for reconstitution of motility may be lost or that conditions of reconstitution are still suboptimal (Sheetz, 1999 ). An important component of this system is the use of a liver-derived endocytic vesicle preparation that is depleted of contaminating ATPase activity (Murray et al., 2000) . This has permitted reconstitution of vesicle motility and sorting at ATP concentrations as low as 50 M, as used here. Although these low levels of ATP suggest that this nucleotide would not normally be limiting or regulatory in these processes, it is possible that higher levels are needed in vivo due to competition for ATP with other cellular reactions, as we have hypothesized previously (Murray et al., 2000) . Our earlier studies suggested that late en- docytic vesicles are associated with cytoplasmic dynein as they traffic to the lysosome along MTs. Another recent publication suggests a role for dynein in movement of late endocytic vesicles and in the transition of early to late endocytic vesicles, but not in early endosomal vesicle trafficking or receptor recycling (Valetti et al., 1999) . When proteins were examined in endosomal populations that were isolated from rat liver, it was found that early and recycling endosomes were enriched in kinesin and dynein, whereas late endosomes were enriched in dynein only (Pol et al., 1997) . It should be noted that none of these studies preclude functional association of other proteins and multiple motors with endocytic vesicles as well. The immunomicroscopic technology described here may allow determination of a point in which motility of endocytic vesicles undergoes a switch from kinesin to dynein dependency and should provide a means to identify and characterize other proteins that may be involved in vesicle movement and processing.
